Three compounds with phenyl (1), 4-tert-butylphenyl (2) and 4-N,N-diphenylaminophenyl (3) groups attached to bis(fluoromesityl)boryl ((FMes) 2 B) through B-C bonds have been prepared. The restricted rotation about the B-C bonds of boron-bonded aryl rings in solution has been studied by variabletemperature 19 F NMR spectroscopy, and through-space F-F coupling has been observed for 3 at low temperature. Steric congestion inhibits binding of 1 by Lewis bases DABCO and tBu 3 P and the activation of H 2 in their presence. Photophysical and electrochemical studies have been carried out on 2, 3, and an analogue of 3 containing a bis(mesityl)boryl ((Mes) 2 B) group, namely 4. Both 2 and 3 show bright emission in nonpolar solvents and in the solid-state, very strong electron-accepting ability as measured by cyclic voltammetry, and good air-stability. In addition, 2 displayed unusually long-lived emission (s ¼ 2.47 s) in 2-MeTHF at 77 K. The much stronger acceptor strength of (FMes) 2 B than (Mes) 2 B leads to significantly red-shifted emission in solution and the solid state, stronger emission solvatochromism, and significantly lower reduction potentials. Theoretical calculations confirm that 2 and 3 tend to form highly twisted excited states with good conjugation between one FMes group and the boron atom, which correlate well with their blue-shifted solid-state emissions and low k r values in solution.
Introduction
In conjugated three-coordinate organoboron compounds, the boron centre can accept electron density into its empty 2p z orbital following photoexcitation. 1, 2 Using this fascinating property, a large number of organoboron systems have been constructed for various applications, such as nonlinear optics (NLO), 3-5 anion sensing, 6,7 and organic light-emitting diodes (OLEDs).
8 Furthermore, the strong Lewis acidity of three-coordinate boron compounds can be exploited in frustrated Lewis pair (FLP) chemistry.
9 Three-coordinate boron is intrinsically sensitive towards nucleophiles and must be inhibited from reaction with water, in particular. The two major strategies that have been pursued to provide organoboron compounds with sufficient air-stability for practical use are steric protection of the boron centre with bulky substituents 1a and structural constraint by incorporation of the boron atom in a rigid, planar structure; 10 however, the former strategy is oen easier to achieve with regards to chemical synthesis. A representative example of the steric protection strategy is the use of the bis(mesityl)boryl ((Mes) 2 B) group, wherein the boron atom is protected effectively by the ortho-methyl substituents of two mesityl groups, and as such this moiety has been employed extensively as an electron acceptor for constructing air-stable organoboron materials.
1 Considering that the electron-accepting ability of the boryl group plays an important role in determining the overall performance of the material, enhancement of this ability is expected to lead to further improvements, such as better electron injecting and transporting properties in OLEDs, lower energy emission, and larger two-photon absorption (TPA) cross sections.
11 However, only a few boryl groups with higher electron affinity or Lewis acidity than (Mes) 2 B have been reported, 7d,12 and most of these do not give sufficient steric protection to the boron centre to render it air-stable.
6f,12a-d Therefore, we were motivated to develop air-stable organoboron compounds that fully exploit the favourable electronic properties expected of boryl groups more strongly electron-accepting than (Mes) 2 B.
In previous work, we have investigated theoretically the alternative acceptor group bis(uoromesityl)boryl ((FMes) 2 B, FMes ¼ uoromesityl ¼ 2,4,6-tris(triuoromethyl)phenyl), which is an analogue of (Mes) 2 B with the methyl groups replaced by electron-withdrawing CF 3 groups. 13 On the basis of our computed results on an extensive series of X 2 B-dithienyl-BX 2 derivatives, we predicted that (FMes) 2 B should be a much stronger acceptor than (Mes) 2 B, and that it can reasonably be expected to provide similar, or even greater, steric protection to the boron centre due to the larger CF 3 groups, which have a similar volume to an ethyl group.
14 Furthermore, we showed that (FMes) 2 B should be almost as strong an electron acceptor group as (C 6 F 5 ) 2 B, but with much greater steric encumbrance. We have also reported the synthesis of (FMes) 2 BF, which we believed could serve as a useful reagent in the synthesis of (FMes) 2 B-containing compounds. 15 Recently, Irle, Yamaguchi and coworkers reported one compound with a (FMes) 2 B group directly connected to a carbazole unit through a B-N bond.
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The uorescence spectrum of this compound has a large Stokes shi of 10 500 cm À1 in cyclohexane (l abs ¼ 369 nm; l em ¼ 603 nm), but it also has a very low uorescence quantum yield (F F ) of 0.03 in the same solvent. Unfortunately, the electronaccepting ability of this compound was not evaluated electrochemically; thus, it is difficult to judge fully the improvement of (FMes) 2 B over its (Mes) 2 B analogue in this regard. In a related study, the same authors investigated the aforementioned (FMes) 2 B-containing compound and a second compound, namely (FMes) 2 B-NPh 2 , by DFT and TD-DFT methods; they predicted that the absorption of the former should be redshied from the latter and that they should both emit from a twisted intramolecular charge transfer (TICT) state, wherein twisting occurs about the B-N bond while preserving overall C 2 symmetry.
17
The strong electron affinity to enhance optoelectronic properties is related to the strong Lewis acidity required in FLP chemistry for promoting small molecule activation. The strongly Lewis acidic (FMes) 2 B group has been investigated recently in this context. 18 The borane (FMes) 2 BH forms FLPs with tertiary amines that can activate H 2 and, subsequently, reduce enamines in near quantitative yield.
18a This borane also forms an FLP with diisopropylamine and a classical Lewis pair with diethylamine, both of which can activate CO 2 at room temperature.
18b Furthermore, (E)-vinylboranes and (Z)-(2-B(FMes) 2 -vinyl)gold compounds have been synthesised using a DABCO/HB(FMes) 2 FLP to activate terminal alkynes. Despite the promising results of these earlier studies, to the best of our knowledge, no three-coordinate boron compound with an aryl ring directly connected to an (FMes) 2 B moiety through a B-C bond has yet been reported. Thus, we set out to prepare representative examples of this class of compound, namely compounds 1-3 (Scheme 1) with phenyl, 4-tert-butylphenyl and 4-N,N-diphenylaminophenyl groups attached to (FMes) 2 B through B-C bonds, respectively. Compound 1 was used as an example to study the FLP reactivity, to allow comparison with (FMes) 2 BH. Compounds 2 and 3 with electrondonating tert-butyl and diphenylamino groups were applied in the photophysical and electrochemical studies. Donor-acceptor organoboron systems oen show attractive optoelectronic properties and, therefore, the very different electron-donating abilities of the tert-butyl and diphenylamino groups were used to tune these properties. A known analogue of 3 with a (Mes) 2 B group (4) (ref. 19) was synthesised to permit direct comparison of the (FMes) 2 B and (Mes) 2 B groups, allowing us to evaluate the combined effects of varying the donor and acceptor strength.
Results and discussion

Synthesis
Two different general procedures were employed for the syntheses of 1-3 (Scheme 2). Compound 1 was prepared from the reaction of (FMes) 2 BF 15 with PhLi, whilst 2 and 3 were obtained from the reaction of [(FMes)Li$Et 2 O] 2 (ref. 20) with the corresponding arylboron dibromide and were puried on a silica gel column using standard grade solvents in air, giving an excellent indication of their stability. Further experimental details are given in the ESI. †
The room temperature 19 F{ 1 H} NMR spectra of 1-3 in toluene-d 8 show sharp singlets at ca. À63.5 ppm, which can be assigned to the CF 3 groups located at the positions para to the boron atom (p-CF 3 ). However, the CF 3 groups at the positions ortho to the boron atom (o-CF 3 ) of 1 and 2 exhibit one very broad singlet at ca. À53.5 ppm, while the analogous CF 3 groups in 3 are characterised by two broad singlets at À51.0 and À56.4 ppm with a 1 : 1 ratio. The broadening and decoalescence of the signals is ascribed to a dynamic exchange process, in particular, slow interconversion between the two enantiomers of the racemic mixture through rotations of the aryl rings about the boron centre ( Fig. 1) , according to previous studies of the stereoisomerisation of three-coordinate boron compounds. 21 Variable-temperature 19 F{ 1 H} NMR measurements of 2 and 3 were carried out to study the stereodynamic process in detail (Fig. 2) . At high temperature (353 K for 2, and 373 K for 3), both compounds show a single sharper signal, indicating that the four o-CF 3 groups are equivalent on the NMR timescale. Upon cooling, the signal for the o-CF 3 groups broadens and decoalesces into two very broad singlets (1 : 1 integral ratio) at 273 K for 2 and at 323 K for 3; when the temperature is decreased yet further, these two signals sharpen. Interestingly, for 3, the two singlets each split into a quartet upon cooling to 263 K, while no additional splitting could be observed for 2, even at the lowest temperature available to us of 223 K. The sharp resonance signals at low temperature suggest a very slow exchange, which makes the two o-CF 3 groups positioned closer to the substituted Ph group (labelled (a) in Fig. 1 ) inequivalent to the remaining two o-CF 3 groups (labelled (b) in Fig. 1 22c Such coupling indicates a relatively small distance between the uorine atoms at low temperature. The two signals for the o-CF 3 groups of compound 2 do not show splitting at 223 K, as the peaks are still slightly broadened due to the faster motion of the FMes groups (compared to those of 3) at this temperature, which is related to its lower energy barrier for the dynamic exchange process.
Crystal structures
The crystal structure of the starting material [(FMes)Li$Et 2 O] 2 has been re-determined with an improved R 1 value and is included as Fig. S1 of the ESI. † The single crystal of 1 suitable for X-ray diffraction was obtained by crystallisation from pentane at À35 C, while the crystals of 2-4 were obtained by slow evaporation of methanol (for 2 and 4) 24 or hexane (for 3) solutions of the respective compounds at room temperature. The molecular structures obtained are shown in Fig. 3 and S2-S5, † and selected bond lengths and dihedral angles are listed in Table 1 . The structures of 1, 2 and 4 contain one molecule in the asymmetric unit (Z 0 ¼ 1), while two symmetry-independent molecules (labelled 3A and 3B, and related by approximate mirror molecular symmetry) are present for 3 (Z 0 ¼ 2). The boron-centred BC 3 moieties in these structures are planar, with the sum of the C-B-C bond angles equal to 360 . The NC 3 moieties in 3A and 3B are also planar, while that in 4 is slightly The dihedral angles between the P3 and NC 3 planes are 15.2(2) and 12.5(2) for 3A and 3B, respectively. It is notable that for 1, 2, 3A, and 3B, the B1-C1 and B1-C10 bond lengths (1.595(7)-1.612(7)Å) are signicantly longer than the B1-C19 bond lengths (1.534(7)-1.551(4)Å). This contrasts with 4, which has much closer B1-C1, B1-C10 and B1-C19 bond lengths of 1.579(2), 1.583(2) and 1.561(2)Å, respectively. The larger bondlength difference in the (FMes) 2 B-containing compounds is likely a result of the electron-withdrawing nature of FMes, which, compared to Mes, leads to a reduced electron delocalisation from these CF 3 -substituted aryl substituents to the boron centre, and an increased electron delocalisation from the donor moiety to the boron centre via ring P3, lengthening and shortening the respective B-C bonds of the borane. A similar effect of electron-withdrawing C 6 F 5 groups has been observed by Jäkle and coworkers in the compound (C 6 F 5 ) 2 B-dithienyl-B(C 6 F 5 ) 2 .
12a
Consistent with the push-pull structures in 2-4, a small groundstate quinoidal distortion of the P3 ring is observed. The quinoidal distortions of the P3 rings, dened as the difference between the averages of the longer and shorter C-C bonds, are approximately 0.02, 0.04, 0.04 and 0.02Å for 2, 3A, 3B and 4, respectively, which are larger than that observed in Br-Ph-B(Mes) 2 (0.003Å, which is not signicantly different to the individual bond-length errors) 3f with much weaker push-pull character. The larger quinoidal distortions in 3A and 3B are caused by the combination of the strong amino donor and the strong (FMes) 2 B acceptor. One might expect that the greater quinoidal distortion of 3 compared to 4 would lead to a more planar structure within the P3-BC 3 moiety, that is, the dihedral angle between P3 and the BC 3 plane would be smaller; however, this angle is slightly larger for 3 (25-27 ) than for 4 (19 ), which may be related to the greater steric bulk of the FMes groups. The shortest F-F distances between the two o-CF 3 groups on the same side of the BC 3 plane are 2.25(1) and 2.528(2)Å in 1, 2.511(2) and 2.539(2)Å in 2, 2.436(5) and 2.667(4)Å in 3A, and 2.629(5) and 2.668(4)Å in 3B. These values are within the distance range suitable for through-space F-F coupling, 23 supporting our interpretation of the F-F coupling observed in the low-temperature NMR spectrum of 3. In 1, 2, 3A and 3B, the shortest distances between boron and uorine atoms of the four o-CF 3 groups range from 2.609(6)-2.798(2)Å, which is signi-cantly shorter than the sum of the van der Waals radii of B and F (3.39Å).
26 This observation may suggest the existence of intramolecular C-F/B interactions.
2p,21a
Steric effects on reactivity
The electrophilic borane 1 was combined with one equivalent of tBu 3 P in dichloromethane (0.06 M) at room temperature, but no interaction was observed by multinuclear NMR spectroscopy, thus establishing that this combination of Lewis acid and base is an FLP. However, exposure of this FLP to H 2 (4 atm) resulted in no observable reaction. Moreover, 1 alone or a combination of 1 with DABCO failed to effect the hydrogenation of the prototypical imine PhCH]NtBu under 4 atm of H 2 , even on heating for 24 hours at 115 C. This lack of reactivity is in contrast to FLPs generated using (FMes) 2 BH. Our previous calculations 13 disclosed that the LUMO of 1 is similar in energy to that of (C 6 F 5 ) 2 BPh, 9o a borane that has been used in FLP chemistry, thus excluding an electronic explanation for the low reactivity of FLPs of 1. Therefore, from (FMes) 2 BH/(C 6 F 5 ) 2 BPh to 1, the greater steric congestion about the boron centre is likely responsible for the lack of FLP reactivity. In 1, the o-CF 3 groups shield access to the vacant 2p z -orbital on the boron atom, hindering reactivity with even the smallest potential substrate, H 2 . It is interesting to note that while steric bulk is required to preclude formation of a classical Lewis acid-base adduct and generate an FLP, the present observations also establish that excessive steric congestion suppresses FLP reactivity.
Photophysical properties
The UV-visible absorption spectra of 2 and 3 have structureless lowest-energy absorption bands with absorption maxima at 318 and 444 nm, respectively, in hexane ( Fig. 4 and Table 2 ). This absorption band is expected to be dominated by an intramolecular charge transfer (ICT) transition between the donor and acceptor moieties. The signicantly red-shied absorption of 3 relative to 2 clearly shows the effect of the stronger donor, NPh 2 . Compared to 4, which has an absorption maximum at 377 nm, 3 displays a red-shi in the absorption maximum of 67 nm (ca. 4000 cm À1 ), indicating that incorporation of the stronger acceptor, (FMes) 2 B, leads to a much lower energy gap. A second band is present at 293 nm for both 3 and 4; the observation that this band is approximately isoenergetic for the two compounds may indicate that this transition involves predominantly the orbitals of the common para-substituted phenyl ring, rather than the Mes or FMes groups. While the absorption spectra of 2, 3 and 4 are only slightly dependent on solvent polarity (negative shis of up to 720 cm À1 between toluene and CH 3 CN solutions), the emission spectra of all three compounds exhibit a signicant positive solvatochromism (Fig. 5) . Upon changing the solvent from hexane to CH 3 CN, the emission colour of 2 changes from deep blue to blue-green, with the emission maximum shiing from 426 to 499 nm (3400 cm À1 shi). The observation of emission solvatochromism and the lack of strong absorption solvatochromism indicate that 2 has a more polarised rst excited state than ground state, consistent with an ICT or TICT transition. The emission of the uorinated derivative 3 is dramatically red shied relative to that of 2 by 137 nm (5700 cm À1 ) in hexane and it shows a stronger sensitivity to changes in solvent polarity. In hexane and toluene, 3 displays yellow (l em ¼ 563 nm) and red (l em ¼ 638 nm) emission, respectively, while in THF, the emission maximum is red-shied further to 743 nm (a solvatochromic shi totalling 4300 cm
À1
), but the emission becomes very weak. The stronger solvatochromism of 3 than 2 suggests a larger excited-state dipole in the former, as a result of inclusion of the stronger donor group. It is notable that, in contrast to 3, compound 4 only shows blue emission in hexane (l em ¼ 410 nm) and blue-green emission in CH 3 CN (l em ¼ 497 nm) (Fig. 5) , indicating that the stronger acceptor moiety in 3 is responsible for the large emission red-shi, e.g., 153 nm (6600 cm À1 ) in hexane and its stronger solvatochromism.
Compound 2 has moderate uorescence quantum yields in low polarity solvents: 0.27 in hexane and 0.41 in toluene, while at the same time, it maintains a quite large Stokes shi of over 8000 cm À1 . With increasing solvent polarity, however, the emission of 2 is effectively quenched (F F ¼ 0.05 in CH 3 CN).
Compound 3, possessing stronger push-pull character, displays bright emission only in hexane (F F ¼ 0.34). Compared with 2 and 3, compound 4 has much higher F F values of 0.62-0.74 in all four solvents used. To understand the factors inuencing the quantum yield, uorescence lifetimes (s F ) were measured for these compounds (Table 2) . From the F F and s F values, the radiative (k r ) and nonradiative (k nr ) decay rate constants were calculated. Compound 2 has very small k r values and relatively larger k nr values which, in general, decrease and increase, respectively, with increased solvent polarity, leading to a low F F value in CH 3 CN. Compound 3, has similarly small k r values in hexane and toluene, but a signicantly increased value of k nr in toluene, leading to very weak emission in this solvent. Compound 4 has a higher k r value in hexane than either 2 or 3, but the value decreases signicantly in solvents of increased polarity. Interestingly, from hexane to CH 3 CN, the k nr values of 4 also decrease gradually, which compensates the decrease of k r to give a high F F for this compound in both nonpolar and polar
and 3, respectively), suggest a polar and potentially twisted excited state for these two compounds. These potentially twisted excited states might be expected to be related to a large dihedral angle within the Ph-BC 3 (in 2) or NC 3 -Ph-BC 3 (in 3 and 4) moieties, such that radiative decay of the excited state is restricted. The increased k nr values of 2 and 3 with increased solvent polarity, accompanied by the lower-energy emission, can be understood by the energy-gap law in which nonradiative decay becomes more favourable at smaller energy separations. 27a,28 The decreased k nr values of 4 in polar solvents indicate an inverse energy-gap law behaviour, which has also been observed by Lambert and coworkers in a related series of organoboron compounds with carbazolyl and diphenylamino donors.
29 However, the factors leading to such behaviour for our system are not clear at this time.
In the solid state, 2 shows bright, deep-blue emission (l em ¼ 404 nm), while 3 displays yellow emission (l em ¼ 548 nm), indicating that the solid-state emission can also be tuned effectively by modifying the donor group (Fig. 6) . Comparison of the solid-state emission spectra of 3 and 4 reveals that replacing (Mes) 2 B (in 4) with (FMes) 2 B (in 3) results in a spectral red-shi of over 100 nm (4300 cm
). It is notable that the emission maxima of 2 and 3 in the solid state are blue shied compared to the corresponding l em in the nonpolar solvent hexane (by 1300 and 500 cm À1 , respectively), which is uncommon since the aggregated state oen shows red-shied emission. As disclosed by the crystal structures and theoretical calculations (vide infra), compounds 2 and 3 are relatively planar within the Ph-BC 3 (in 2) or NC 3 -Ph-BC 3 (in 3) moieties in the ground state, i.e. they have small dihedral angles about the indicated B-C and C-C bonds, and similar conformations to these are expected to dominate in the powder samples. The blue-shied solid-state emission is, therefore, considered to be related to the restricted relaxation of the Franck-Condon (FC) state in the rigid medium. 30 When either 2 or 3 is excited in hexane solution, the FC state relaxes to a highly twisted conformation, as suggested above; however, in the solid state, the relaxation process (Table 2) . Fig. 6 Emission spectra of solid (powder) samples of 2-4 at room temperature. The excitation wavelength used in each case is equal to the maximum of the respective lowest energy absorption band in hexane (Table 2) . through conformational twisting is likely to be restricted. Therefore, in the solid state, excited states with higher energy and higher planarity within the Ph-BC 3 (in 2) or NC 3 -Ph-BC 3 (in 3) moieties will be formed, as compared to solution. To support our interpretation of the inuence of a rigid environment on the emission behaviour, variable-temperature emission spectra (77-296 K) of 2-4 were recorded in toluene and 2-methyltetrahydrofuran (2-MeTHF), as summarised in Table 3 and Fig. S6 -S14. † Upon cooling a toluene solution of each compound from 296 to 183 K, a small and continuous red shi of ca. 15-30 nm was observed due to an increase in solvent polarity. However, upon further cooling, passing the melting point of toluene at 178 K, a sudden blue shi occurred, accompanied by an increase in emission intensity at 77 K, most dramatically for 3 (Fig. S6-S8 †) , in line with expectation for the formation of a restricted excited-state geometry. In addition, inhibition of solvent relaxation around the increased dipole moment in the excited state is also expected to contribute to the blue shi of all three compounds in frozen solutions. Due to the lower temperature at which 2-MeTHF becomes rigid and its higher polarity, the variable temperature data recorded in this solvent were subtly different (Table 3 and Fig. 7 and 8 and S9-S11 †). Following an initial red-shi of similar magnitude as that recorded in toluene, a gradual blue shi occurred below 150 K (2 and 4) or 200 K (3) that can be rationalised by a continuous increase in solvent viscosity. At temperatures below 95 K, approximately the glass transition temperature of 2-MeTHF, the emission spectra of 3 and 4 did not vary in a pronounced fashion, while 2 displays additional phosphorescence that will be discussed separately below. It is notable that the blue shi of the uorescence band from room temperature to 77 K is signicantly smaller for 4 (2000 cm À1 ) as compared with 2 (4300 cm À1 ) and 3 (4500 cm À1 ), which reects a smaller conformational variation between the FC and the relaxed excited states for compound 4. Furthermore, the red shi of the excitation spectra by 6-15 nm in 2-MeTHF upon cooling from 296 to 77 K is relatively small (Fig. S12 -S14 †), strongly supporting a predominantly excited-state phenomenon. The uo-rescence peak of the solid, the 77 K frozen toluene solution and the 77 K 2-MeTHF glass of both 2 and 3 are close in energy, thus implying a related restriction of the geometric relaxation of the FC state in each of these media. The emission spectrum of 4 in the solid state is red-shied by about 22 nm compared with that in the frozen solutions, which may be due to aggregation in the solid. Below the approximate glass transition temperature of 2-MeTHF (95 K), and upon cooling the frozen toluene solution below 133 K, the emission spectrum of 2 splits into two bands; the lower energy band showed an extremely long-lived emission with a lifetime of 2.47 s measured at 420 nm in 2-MeTHF glass at 77 K, which is assumed to be phosphorescence. Phosphorescence lifetimes of this order of magnitude, although not all that common, have been observed for other organic chromophores.
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Furthermore, phosphorescence from various three-coordinate boron compounds with a wide range of lifetimes, spanning nearly six orders of magnitude, has been observed at 77 K in glass matrices or frozen solutions: Wagner and coworkers described the luminescence of 9-hydro-10-mesityl-9,10-diboraanthracence that could be observed for up to 15 s aer switching off the excitation source, 2q Yamaguchi and coworkers observed phosphorescence with a lifetime of 5.30 ms from a planarised (Ar) 3 B compound, 10d and Wang and coworkers have observed phosphorescence with solventdependent lifetimes of 9-11 ms from two trigonal tridurylborane (duryl ¼ 2,3,5,6-tetramethylphenyl) derivatives.
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Compounds 3 and 4, by contrast, have only very minor longlived components to their emission at 77 K, estimated to account for less than 1% of the total emission that makes no readily perceptible difference to the emission band shape. The phosphorescence lifetimes of 3 and 4 are much shorter than that of 2, but unfortunately they could not be determined accurately. We used time-gated spectroscopy to separate the overlapping uorescence and phosphorescence spectra of 2 (Fig. 9) , and we estimate, based on analysis of these data, that the phosphorescence accounts for ca. 40% of the total steadystate emission spectrum at 77 K. It is interesting to note that the band shapes of the two components of 2 are distinctly different: the uorescence is broad, indicative of charge transfer, while the phosphorescence is structured with an average vibrational spacing of ca. 1300 cm À1 , typical of aromatic ring modes.
Electrochemical properties
The electrochemical properties of 2-4 were studied by cyclic voltammetry. Compounds 2 and 3 show two reduction waves (Fig. S15 †) . The rst reduction process related to the acceptor moiety is quasi-reversible, occurring at potentials (E red 1/2 ) of À1.63 and À1.66 V for 2 and 3, respectively ( Fig. 10 and Table 4) ; however, the second reduction is irreversible, showing a broad reduction peak close to the solvent limit (Fig. S15 †) . For 4, only one quasi-reversible reduction could be observed at E red 1/2 of À2.60 V. The rst reduction potential of 3 shows a signicant positive shi of ca. 0.94 V compared to that of 4, conrming the much stronger acceptor strength of (FMes) 2 B in relation to (Mes) 2 B.
13 In addition, the reduction potentials of 2 and 3 are close to that of (Mes)B(C 6 F 5 ) 2 (E red 1/2 ¼ À1.72 V vs. FeCp 2 +/0 ),
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further conrming that the acceptor strengths of (FMes) 2 B and (C 6 F 5 ) 2 B are similar, consistent with our previous computational results. 13 Moreover, comparison between the reduction potentials of 2, 3, (4-CN-duryl) 2 B-Ar, (E red ¼ À1.82 to À1.91 V vs. 33 For the oxidation process, 3 and 4 each show a reversible wave related to the electron-rich aromatic amine moiety, while no oxidation wave could be observed for 2. The oxidation potentials (E ox 1/2 ) of 3 and 4 are +0.72 and +0.59 V, respectively.
The positively shied oxidation potential of 3 indicates that the (FMes) 2 B group makes the oxidation somewhat more difficult, presumably because the stronger acceptor group leads to a lower electron density at the aromatic amine in the ground state.
Theoretical calculations
To understand the electronic structures of these compounds further, and to examine the orbitals involved in the electronic transitions, we carried out DFT calculations. The ground-state structures of 2-4 were optimised at the B3LYP/6-31G(d) level of theory using the molecular structures of 2, isomer 3A, and 4 obtained from X-ray diffraction measurements as starting geometries. In the optimised structures of 2 and 3, the B-C bonds to the 2,4,6-trisubstituted aryl rings are about 0.08Å longer than the B-C bond to the donor substituted aryl rings, while for 4, only a ca. 0.02Å bond-length difference was found for these two types of B-C bonds, reasonably consistent with the crystallographic data. The ground-state quinoidal distortions of the boron-bonded phenyl rings are also reproduced by the DFT calculations, with values of 0.020, 0.033 and 0.020Å for 2, 3, and 4, respectively. In addition, similar to the X-ray structures, the N-C (1.400Å) and B-C (1.527Å) bonds to the boron-bonded phenyl ring in 3 are shorter than corresponding bonds in 4 (N-C: 1.417Å; B-C: 1.559Å), which further support the presence of enhanced quinoidal character for 3, as a direct consequence of the incorporation of the stronger (FMes) 2 B acceptor. Within the Ph-BC 3 moiety in 2 and the NC 3 -Ph-BC 3 moiety in 3, small dihedral angles, less than 28.4 , between the Ph and BC 3 or NC 3 moieties were observed. As can be seen from Fig. 11 , for all three compounds, the HOMO is localised mainly on the respective 4-tert-butylphenyl or triphenylamine groups, with a small contribution from the nominally empty p-orbital on the boron atom. The LUMO is localised primarily on the boryl group, with some contribution from the boron-bonded phenyl ring, although this contribution is qualitatively smaller in 2 and 3 than in 4. The calculated HOMO and LUMO energy levels and energy gaps show a trend consistent with that obtained from the experimental data (Table  4) but, in all cases, the calculated energy gaps are overestimated by ca. 0.39-0.66 eV. The TD-DFT calculations (CAM-B3LYP/6-31G(d)) show that the S 1 ) S 0 transitions of these compounds have large oscillator strengths (f ¼ 0. 35-0.73) , and the excitation wavelengths to the S 1 state are calculated to be 293, 369, and 330 nm for 2, 3, and 4, respectively (Table 5 ). These calculated values overestimate the experimental lowest-energy absorption maxima by some 0.34-0.57 eV (see also Fig. S16 -S18 †); this phenomenon has been observed previously for 4 and some other (Mes) 2 B modied triarylamines.
5a Excitation to the S 1 state in each case is described predominantly by a LUMO ) HOMO transition, which is a transition of ICT character, as can be observed from the orbital distributions. This is consistent with the experimentally observed emission solvatochromism of the compounds, insofar as the enhanced push-pull character of 3 is expected to lead to larger excited-state dipole moments, greater stabilisation of its excited states through solvent reorganisation prior to emission 2r and, thus, to increased solvatochromism.
TD-DFT optimisations of the rst excited singlet states of 2-4 were carried out to elucidate the nature of the structural relaxation from the FC geometry. The DFT B3LYP/6-31G(d) calculated ground-state optimised geometries were used as the input, and the CAM-B3LYP/6-31G(d) level of theory was employed. These calculations reveal that, in the case of 2 and 3, a distortion of the (FMes) 2 B group occurs, in which one FMes group becomes more conjugated with the 2p z orbital of the boron atom through a signicant reduction of the dihedral angle from 53.4 to 28.9 (2) and from 49.5 to 24.3 (3) with respect to the BC 3 plane and shortening of the related B-C bonds by ca. 0.09Å. Concerted with this, the 4-substituted phenyl ring twists out of conjugation from 26.1 to 70.3 (2) and from 24.2 to 68.9 (3), forming a TICT state, with an elongation of the respective B-C bond of up to 0.05Å. The second FMes group twists further out of plane than in the ground state, forming dihedral angles of 68.3 and 69.0 for 2 and 3, respectively ( Fig. 12 for a representative example). To support these results, we performed further calculations using a range of functionals and starting geometries, but the distortion of the (FMes) 2 B group was not substantially affected (see ESI † for details).
No deviation from planarity of either the BC 3 or the NC 3 plane was observable in the excited state. The calculated planar BC 3 moiety is in contrast to the suggestion of Kitamura and coworkers that pyramidalisation at the boron centre occurs in the excited state of a related, but more sterically congested, tridurylborane. 36 We note that the (Mes) 3 B radical anion is planar (X-ray structure) 37 and, thus, in general, distortion of a BC 3 moiety is not expected upon formal one-electron reduction of the boron atom in either the ground or excited states, except in extremely constrained cases.
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The implication of breaking the C 2 symmetry in the excited state can be seen explicitly in the frontier molecular orbitals (Fig. 13) , in which the highest singly occupied molecular orbital (H-SOMO) is delocalised over the boron centre and the more planarised FMes moiety, which contrasts with the ground state, where the LUMO is distributed over the whole (FMes) 2 B group and the substituted phenyl ring (Fig. 11) . Furthermore, the lowest singly occupied molecular orbital (L-SOMO) is electronically decoupled from the H-SOMO, i.e. they have little spatial overlap, which accounts for the lower values of k r of 2 and 3. For compound 4, however, there are only small changes in the dihedral angles of the aromatic rings around the boron atom, each varying by less than 8
. The largest change in dihedral angle instead occurs around the C-N bond, increasing from 33.0 to 47.4 . We describe this state in the gas phase as being ICT, in line with previous descriptions. The calculated greater Ph-BC 3 planarity of 4 in the excited state leads to a larger change in quinoidal distortion upon excitation (+0.037Å) than for the twisted structures of 2 and 3 (À0.002 and +0.020Å, respectively), where conjugation from the phenyl group to the B atom is minimised in the TICT state. TD-DFT calculated emission energies (Table 5 ) from the CAM-B3LYP/6-31G(d) optimised geometries correlate well with the experimental values recorded in hexane, particularly for 2 and 3, for which the differences between theory and experiment are 0.15 and 0.09 eV, respectively; for 4 this difference is slightly larger (0.41 eV), but is still within the acceptable range. Furthermore, the signicantly larger oscillator strength for 4 than for either 2 or 3 reects the experimental trend in k r values: 4 has the largest value of k r in hexane by up to an order of magnitude.
We note that, in contrast to the optimised structures of our compounds, no reduction in C 2 symmetry was observed in the optimised geometries of carbazole-B(FMes) 2 and Ph 2 N-B(FMes) 2 reported by Irle, Yamaguchi and coworkers. 17 Furthermore, Song and coworkers have recently performed detailed studies on a series of tridurylboranes in which locally excited, ICT and TICT excited states were identied, with their formation dependent on solvent polarity, viscosity and temperature; however, the nature of the geometrical change on forming the TICT state of these systems was not fully elucidated.
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Calculated dipole moments at the optimised S 0 and S 1 geometries and at the Franck-Condon geometries for emission 2 Â 100%, where c i is the coefficient for the particular 'orbital rotation'. c Taken as the reverse of excitation to S 1 from S 0 at the optimised S 1 geometry. and absorption on these respective surfaces are collected in Table 6 . The largest change in dipole moment in the excited state is found for 3, while the values for 2 and 4 are similar, which correlates with the enhanced solvatochromism of 3.
Conclusions
In conclusion, three compounds with an aryl ring directly connected to a (FMes) 2 B group through B-C bonds have been prepared. The dynamic processes, and related energy barriers, of compounds 2 and 3 have been studied by variable-temperature 19 F NMR spectroscopy, and interesting through-space F-F coupling has been observed for compound 3 at low temperature. Compound 1 was found to form FLPs with DABCO and tBu 3 P. A preliminary test of the catalytic reactivity of 1 alone and the FLP 1$DABCO for the hydrogenation of an imine indicates that, although steric bulk is required to preclude formation of a classical Lewis acid-base adduct and generate an FLP, the large steric congestion in compound 1 suppresses the FLP reactivity, even when using small substrates such as H 2 . This result provides an upper bound to the degree of steric bulk that can be included in a borane FLP partner before reactivity is inhibited and, thus, should help guide the future design of FLPs based on three-coordinate boron.
Comparison between (Mes) 2 B-and (FMes) 2 B-containing donor-acceptor compounds conrms that (FMes) 2 B is a much stronger acceptor, which leads to: a larger quinoidal distortion, as determined by X-ray crystallography; signicantly red-shied emission in solution and in the solid state; stronger emission solvatochromism; and signicantly lower reduction potentials. The photophysical properties of this type of compound can be tuned further and effectively by modication of the donor group. Both compounds 2 and 3 show bright emission in a nonpolar solvent (hexane) and in the solid-state, and they have very strong electron-accepting character, as well as good airstability. We have also shown by time-gated spectroscopy that the emission spectrum of 2 at 77 K contains a ca. 40% contribution of extremely long-lived (s ¼ 2.47 s) phosphorescence.
Through a combination of photophysical measurements and theory, we have demonstrated that the excited states of 2 and 3, i.e. those containing a Ph-B(FMes) 2 group, relax from the Franck-Condon geometry to a TICT excited state even in the gas phase. TD-DFT optimisation of the excited state has shown that delocalisation of the electron occupying the higher lying SOMO across the boron atom and a single FMes group occurs, facilitated by a reduction in torsion angle between this FMes group and the BC 3 plane. Furthermore, concerted twisting of the substituted phenyl group further out of the BC 3 plane minimises orbital overlap to the lower lying SOMO, leading to efficient charge separation and a large excited-state dipole moment for 3 in particular. This correlates well with the observed blue shi in the emission in both the solid state and at 77 K in 2-MeTHF glass, wherein geometric relaxation is inhibited, as well as the low k r values in solution. Compound 4, however, is described as undergoing an ICT transition in the gas phase, in which there is much smaller structural reorganisation prior to emission, at least in the nonpolar solvents.
The combined optical and electronic properties of (FMes) 2 B make it a very promising acceptor moiety for the design of highly efficient, air-stable compounds for, for example, organic light emitting diodes, organic photovoltaics, and two-photon absorbing and two-photon excited uorescence materials. Investigations into these applications are currently in progress in our laboratory. a Calculated at the following points on the ground and lowest singlet excited-state surfaces: S 0 , the optimised geometry of the ground state; S 1 , the optimised geometry of the rst singlet excited state; S 1 FC , the S 1 state at the FC geometry following excitation; and S 1 FC , the S 0 state at the FC geometry following emission.
